Lipid peroxidation is considered as one of the manifestations of cellular damage in the toxicity of ochratoxin A (OA). OA; its three natural analogs, OB, OC, and O␣; and four synthetic analogs, d-OA, the ethylamide of OA (OE-OA), O-methylated OA (OM-OA), and the lactoneopened OA (OP-OA) were used to study free radical generation in bacteria with Bacillus brevis as a model system. The uptake of the different ochratoxins by B. brevis varied substantially depending on the molecular structures. Electron paramagnetic resonance spectroscopy using ␣-(4-pyridyl-1-oxide)-N-tert-butyl nitrone as a spin trapping agent showed an enhanced free radical generation due to the addition of OA and most of the analogs. The EPR signals could be further enhanced by the addition of Ca 2؉ , a calcium ionophore and an ATPase uncoupler, whereas they were eliminated by incubating the growing cells with vitamin E. The spin adduct hyperfine splitting constants indicate the presence of ␣-hydroxyethyl radicals resulting from generated hydroxyl radicals, which are trapped by ␣-(4-pyridyl-1-oxide)-N-tertbutyl nitrone. The results further suggest that OA induces free radical production in this model system by enhancing the permeability of the cellular membrane to Ca 2؉ .
Lipid peroxidation is considered as one of the manifestations of cellular damage in the toxicity of ochratoxin A (OA). OA; its three natural analogs, OB, OC, and O␣; and four synthetic analogs, d-OA, the ethylamide of OA (OE-OA), O-methylated OA (OM-OA), and the lactoneopened OA (OP-OA) were used to study free radical generation in bacteria with Bacillus brevis as a model system. The uptake of the different ochratoxins by B. brevis varied substantially depending on the molecular structures. Electron paramagnetic resonance spectroscopy using ␣-(4-pyridyl-1-oxide)-N-tert-butyl nitrone as a spin trapping agent showed an enhanced free radical generation due to the addition of OA and most of the analogs. The EPR signals could be further enhanced by the addition of Ca 2؉ , a calcium ionophore and an ATPase uncoupler, whereas they were eliminated by incubating the growing cells with vitamin E. The spin adduct hyperfine splitting constants indicate the presence of ␣-hydroxyethyl radicals resulting from generated hydroxyl radicals, which are trapped by ␣-(4-pyridyl-1-oxide)-N-tertbutyl nitrone. The results further suggest that OA induces free radical production in this model system by enhancing the permeability of the cellular membrane to Ca 2؉ .
Ochratoxins, of which ochratoxin A (OA) 1 is the most prevalent, are secondary fungal metabolites of some toxigenic species of Aspergillus and Penicillium (Cole and Cox, 1981) . OA occurrence in food and feed is widespread (Krogh and Nesheim, 1982) , and has been shown to be hepatotoxic, nephrotoxic, teratogenic, and carcinogenic to single-stomached animals (Kuiper-Goodman and Scott, 1989) . Of greatest concern in humans is its implicated role in an irreversible and fatal kidney disease referred to as Balkan Endemic Nephropathy (Krogh et al., 1977; Pavlovic et al., 1979) . Based on the current literature, the toxicity of OA may be the result of three major effects: 1) inhibition of ATP synthesis; 2) inhibition of protein synthesis; and 3) enhanced lipid peroxidation (Marquardt and Frohlich, 1992; Röschenthaler et al., 1984) . Rahimtula et al. (1988) showed that OA, when added to rat liver microsomes, enhanced the rate of NADPH or ascorbate-dependent lipid peroxidation as measured by malondialdehyde formation. In vivo administration of OA to rats also resulted in enhanced lipid peroxidation. Studies by Hasinoff et al. (1990) and Omar et al. (1990 Omar et al. ( , 1991 suggested that OA chelated iron and that this chelate in the presence of the NADPH-cytochrome P-450 reductase system produced reactive oxygen species which in turn reacted with lipids to form lipid peroxides. Malaveille et al. (1994) reported that the antioxidant, Trolox C, a water soluble form of vitamin E, completely quenched the genotoxic effects of OA in Escherichia coli. A similar protective effect of vitamin C against OA genotoxicity in mice was demonstrated by Bose and Sinha (1994) . However, the importance of lipid peroxidation as a direct cause of the resulting toxicity of OA and the nature of the radicals that are formed remains to be proven. In the present study the structure-activity relationships and the molecular mechanism of action of OA and seven of its analogs were studied using Bacillus brevis. B. brevis was used as a model organism for this EPR study as it is not only highly sensitive to OA (Madhyastha et al., 1994) but also produces a reproducible and sustained signal when monitored in an EPR spectrometer.
EXPERIMENTAL PROCEDURES
Ochratoxins and Chemicals-OA, OB, and O␣ were isolated from a culture of Aspergillus ochraceus NRRL 3174 (Xiao et al., 1995) . d-OA, OE-OA, OM-OA, and OP-OA were synthesized according to Xiao et al. (1995 Xiao et al. ( , 1996 ; OC was synthesized according to van der Merwe et al. (1965a van der Merwe et al. ( , 1965b . The molecular weight of OA is 403. The toxins were more than 99% pure and did not contain more than 1% of other forms of OA. The toxins were dissolved in dimethyl sulfoxide. The spin trapping agent, 4-POBN, as well as DL-␣-tocopheryl acetate, thiobarbituric acid (4,6-dihydroxy-2-thiopyrimidine), butylated hydroxytoluene, dimethyl sulfoxide, carbonyl cyanide m-chlorophenylhydrazone (CCCP), the calcium ionophore, A23187, digitonin, calcium chloride, ferrous sulfate, and tetrahydrofuran were purchased from Sigma. Acetonitrile and methanol were obtained from Fisher. Trolox C, a water-soluble form of vitamin E, was obtained from Aldrich. All other chemicals were of the highest grade commercially available.
Bacteria, Medium, and Growth Conditions-B. brevis was obtained from American Type Culture Collection (ATCC), Rockville, MD. The culture was maintained in tubes on a tryptic soybroth medium (TSB, Difco Laboratories, Detroit, MI) at a pH of 6.5 and 30°C. The TSB medium (medium I) consisted of 17 g of BactoTryptone, 3 g of BactoSoytone, 2.5 g of BactoDextrose, 5 g of NaCl, and 2.5 g of K 2 HPO 4 /liter. For the EPR experiments, the bacteria were cultured for 24 h in Erlenmeyer flasks and the protein concentration was determined according to Bradford (1976) . Prior to the EPR experiments, the late logarithmic cultures were centrifuged at 500 ϫ g for 15 min and the supernatant was discarded. Fresh TSB medium was added to the remaining pellets to achieve a bacterial protein concentration of 2 mg/ml. The samples could be stored for up to 8 h at 4°C without loss of EPR signals. They were incubated at room temperature 15 min prior to the initiation of the EPR experiments.
For some of the EPR experiments, the nutrient concentration of the medium was increased. Medium II consisted of 2 times the amount of protein (BactoTryptone and BactoSoytone) and glucose; medium III, 4 times the amount of protein and glucose; and medium IV, 1 time the amount of protein and 4 times the amount of glucose compared to medium I.
Determination of Malondialdehyde-Malondialdehyde (MDA) , that was produced by the decomposition of lipid peroxides following the thiobarbituric acid reaction was monitored by HPLC (Squires, 1990) . Cultures of 2 mg of bacterial protein/ml were incubated with OA in dimethyl sulfoxide and 0 or 100 mM Ca 2ϩ for 15, 30, 60, and 120 min. For the MDA assay, 0.5 ml of the bacterial suspension was mixed with 0.85 ml of 5% trichloroacetic acid, 0.1 ml of butylated hydroxytoluene (0.5 g/liter in methanol), and 0.05 ml of 0.1 M FeSO 4 ⅐7H 2 O. Butylated hydroxytoluene was used as an antioxidant and ferrous sulfate was added as a catalyst for decomposing hydroperoxides. The samples were homogenized for 20 s using an Ultra-Turrax homogenizer (Polytron, Kinematica GmbH, Luzern, Switzerland) and centrifuged at 13,000 ϫ g for 15 min at 4°C to obtain a clear supernatant. One milliliter of 0.36% thiobarbituric acid and 1 ml of the supernatant were placed in a boiling water bath for 30 min in covered tubes. MDA standards were prepared as described by Kakuda et al. (1981) . HPLC was performed on a 4.6 ϫ 250-mm ODS column (Beckman Instruments Inc., Allendale, NJ). The mobile phase consisted of 10% acetonitrile, 0.6% tetrahydrofuran, and 5 mM phosphate buffer (pH 8) at a flow rate of 1.5 ml/min and 40°C. The peaks were detected at 532 nm.
Analysis of Free Radicals-The bacterial samples (2 mg of bacterial protein/ml) were incubated for 10 min (8 scans) at 30°C with 100 mM 4-POBN (␣-(4-pyridyl-1-oxide)-N-tert-butyl nitrone). All the reaction mixtures contained 1% (v/v) ethanol. The spectra were measured with a Varian Associates Model E-12 EPR spectrometer operating at 9.02 GHz with 100 kHz modulation which was interfaced with a Nicolet Instruments Model 1180 computer and Model 2090 transient recorder. The instrument settings were: microwave power of 20 milliwatts, modulation amplitude of 1.6 G, and scan range of 100 G. The sample temperature was controlled at 30°C by a Bruker Model ER-4111 temperature controller.
Spectra shown in each figure were carried out on the same day from the same batch of cells and are representative of at least three independent experiments. Control and treatment spectra were the same at the beginning and the completion of the analysis.
HPLC Analysis of the Ochratoxins-B. brevis cultures (2 mg of bacterial protein/ml) for the uptake study were incubated with 1 mg/ml of each of the OA analogs for 10, 30, and 120 min at room temperature using the same procedure as for the EPR experiments. The samples were centrifuged at 1100 ϫ g and 20°C for 15 min and the supernatant was discarded. The bacteria were then washed three times with a buffer solution (5 g NaCl/liter, 2.5 g of K 2 HPO 4 /liter; the same concentrations as in TSB medium). The preparations were then homogenized in methanol and the extracts were analyzed by HPLC as described by Xiao et al. (1995 Xiao et al. ( , 1996 .
RESULTS
The uptake of the different ochratoxins by B. brevis varied substantially (Table I, Fig. 1 ). Approximately 2-4% of either OA or its epimer, d-OA, were taken up by the bacteria. The absence from OA of either the chlorine atom (OB) or the phenylalanine side chain (O␣) completely prevented their uptake. The lactone hydrolyzed form of OA (OP-OA) was also not taken up. In contrast, the more lipophilic analogs (OE-OA (the ethylamide of OA), OM-OA (O-methylated OA), and especially OC (the ethyl ester of OA)) were taken up very well by B. brevis. An incubation of just 10 min was sufficient to achieve a maximum uptake of OA or its analogs by the bacteria as there existed no trend in the uptake of the toxins as a function of time. There was no evidence for interconversion of one form into another in this organism (data not shown).
The incubation of B. brevis in freshly prepared culture media I and IV at a concentration of 1 mg/ml OA and in the presence of ethanol and 4-POBN yielded weak 6-line EPR spectra after the first two scans (1 scan ϭ 70 s), which tended to disappear after eight scans while the EPR cavity baseline became stronger (Fig. 2) . The addition of a higher concentration of nutrients prior to the EPR experiments yielded steadily increasing and stronger EPR signals during the time course of the study due to the addition of 1 mg of OA/ml. Medium III (4 ϫ protein, 4 ϫ glucose; Fig. 2C ) produced the strongest and most stable signal Free Radical Generation by Ochratoxin A in Bacteriaover 8 scans. This indicates that an adequate supply of nutrients is required for signal generation and that the radicals were not generated as a consequence of cell death but were due to metabolic processes.
Based on the average of many measurements, the spin adduct hyperfine splitting constants for OA and its analogs were a N ϭ 15.4 G and a H ϭ 2.5 G (Ϯ0.03 G). This spin adduct has been identified as being 4-POBN ␣-hydroxyethyl radical (Finkelstein et al., 1982; Augusto et al., 1986) . Finkelstein et al. (1982) found hyperfine splitting constants for the 4-POBN ␣-hydroxyethyl adduct of a N ϭ 15.56 and a H ϭ 2.59 G as well as a N ϭ 15.60 G and a H ϭ 2.65 G under different experimental conditions. Augusto et al. (1986) also reported hyperfine splitting constants for the same spin adduct of a N ϭ 15.50 and a H ϭ 2.50.
According to Pou et al. (1994) , 4-POBN in conjunction with ethanol is the most efficient spin trap for the detection of hydroxyl radicals in biological systems. The initially generated hydroxyl radicals react with ethanol to yield ␣-hydroxyethyl radicals, which are then trapped by 4-POBN to form a very stable spin adduct. These authors concluded that the high efficiency of this procedure is attributable to the high sensitivity of this spin trapping system and the marked stability of the resulting spin trapped adduct, even in the presence of superoxide radicals which may be formed. We conclude that the same mechanism was responsible for the spin adducts in this work because both 4-POBN and ethanol (1%, v/v) were added to all samples and essentially the same EPR spectra were obtained as those obtained by Pou et al. (1994) . In the current study the use of the spin traps N-tert-butyl-␣-phenylnitrone and 5,5-dimethylpyrrolidine-1-oxide yielded signals which were weaker and difficult to interpret (EPR spectra not shown), which indicates the usefulness of the system 4-POBN and ethanol in this study.
The incubation of B. brevis in medium III (4 ϫ protein, 4 ϫ glucose) with 1 mg/ml of each of the OA analogs also resulted in much stronger EPR signals after two accumulations of the spectra compared with those obtained with the standard medium (I, 1 ϫ protein, 1 ϫ glucose, data not shown). The signals continued to increase until at least the eighth scan. The amplitudes of the signal due to either O␣ or OP-OA as summarized in Table I were small or non-existent compared with the other analogs. These data are in agreement with the uptake study (see Table I ) as O␣ and OP-OA were essentially not taken up or not even bound to the membrane and therefore, at most, generated only a limited amount of the hydroxyl radical. The strongest signals were obtained with OA and its epimer, d-OA. OB, although it was essentially not detectably taken up by the bacteria, produced a weak 6-line spectrum. Approximately 10 -40-fold more OC, OE-OA, and OM-OA were taken up by B. brevis than OA. While the magnitudes of the signals seen from the former compounds were approximately the same, they were less than these seen from OA. The intensity of the signals with the addition of only 0.5 mg/ml or less of OA or its analogs to the bacteria was considerably weaker than that obtained with 1 mg/ml of these compounds (data not shown). All the following experiments were therefore carried out with the addition of 1 mg of OA to the bacterial medium. The EPR signals were strongly enhanced (Fig. 3A) in the presence of 100 mM Ca 2ϩ (CaCl 2 ϫ 2 H 2 O) and 1 mg of OA/ml, compared with those obtained with OA alone (Fig. 3C) or Ca 2ϩ alone (Fig. 3B) brevis in different media with 1 mg of OA/ml. The bacteria were cultured for 24 h in liquid medium (standard medium I ϭ 1 ϫ protein, 1 ϫ glucose) and centrifuged, and new media (medium I, medium II ϭ 2 ϫ protein, 2 ϫ glucose; medium III ϭ 4 ϫ protein, 4 ϫ glucose; medium IV ϭ 1 ϫ protein, 4 ϫ glucose) were added to the pellets to yield a final protein concentration of 2 mg/ml. The spectra were recorded at 30°C immediately after adding 1% (v/v) ethanol and 100 mM 4-POBN, and were accumulated 8 times.
1 mg of OA/ml (EPR spectra not shown). No signal was obtained when OA and 100 mM Ca 2ϩ were added to the medium containing no bacteria. This clearly indicates that the free radicals in this system were generated by the bacterial metabolism and were not artifacts, and that both OA and Ca 2ϩ were required for a maximal effect.
The same pattern of response was obtained when both OA and Ca 2ϩ were added to B. brevis in the different media (I to IV) compared to that obtained with only OA. The intensity of the signals was considerably greater (more than 2-fold, data not shown) than in Fig. 2 (media did not contain added Ca 2ϩ ). The amplitude of the 8 times accumulated EPR spectrum was enhanced 84% with medium II (2 ϫ protein, 2 ϫ glucose) or medium III (4 ϫ protein, 4 ϫ glucose) compared to that obtained with the standard medium I (TSB, 1 ϫ protein, 1 ϫ glucose). The corresponding enhancement of the signal in the presence of medium IV (1 ϫ protein, 4 ϫ glucose) was only 21%. The fact that incubation of the bacteria in medium II and III resulted in the same amplitude demonstrated that a nutrient concentration of 2 ϫ protein and 2 ϫ glucose was sufficient to provide an optimized rate of metabolism of the bacteria over the time course of the study. Most of the subsequent studies involved the use of the 4-fold enriched media so as to insure that nutrients were not limiting.
The synergistic effect of Ca 2ϩ on the OA induced EPR signal could be further increased by the addition of the calcium ionophore A23187 (20 M, data not shown) with the percent increase in the intensity of the signal being 40%. The ionophore in the presence of OA alone essentially did not affect the intensity of the signal. The Ca 2ϩ concentration in the medium was 0.22 mM. Compared to the added amount of 100 mM Ca 2ϩ which increased the EPR signal in combination with OA, a Ca 2ϩ concentration of 0.22 mM in the medium was rather low. That might also explain why the addition of A23187 by itself failed to induce radical generation. The addition of 10 mM EGTA as a calcium chelating agent almost completely eliminated the radical signal induced by OA (data not shown). The uptake of OA was followed in bacteria that were incubated for 10 min with 1 mg of OA/ml in the presence of 0, 50, or 100 mM Ca 2ϩ in order to determine whether Ca 2ϩ facilitates the uptake of OA by B. brevis (see Table I ). The results indicate that Ca 2ϩ , at most, had a very small effect on OA uptake by the bacteria. It is not known, however, if OA affected Ca 2ϩ uptake particularly when the amount of Ca 2ϩ in the medium was varied. The inclusion of 10 mM additional Ca 2ϩ in the medium in the presence or absence of OA did not affect the rate at which the bacteria multiplied, suggesting that the synergistic enhancement of the free radical signal was not the result of an increased toxicity of OA (data not shown).
The formation of the hydroxyl radical following the addition of OA and Ca 2ϩ can be almost completely quenched by preincubation of B. brevis for 24 h with 2.5 mM DL-␣-tocopherol acetate (Fig. 4C) , whereas 10 mM DL-␣-tocopherol acetate, when added just prior to the EPR analysis, resulted in only a slight reduction of the signal amplitude (Fig. 4A) . Trolox C, a water soluble form of vitamin E, when added just prior to EPR analysis, also did not have any effects on the formation of free radical adducts (Fig. 4B) . This indicates that antioxidants can quench the production of the EPR signal but that they probably have to be incorporated into the membrane to be effective.
The adduct signal could also be strongly enhanced when the bacteria were treated with the uncoupler of oxidative phosphorylation, CCCP, prior to the addition of OA or OA and Ca 2ϩ (Fig. 5, 120 and 64% increase in signal intensity of A compared to B or B compared to D, respectively). The addition of CCCP alone resulted in no detectable adduct formation (Fig. 5C) .
The concentration of MDA in biological samples, which is produced from the thermal decomposition of lipid peroxides, is widely used as a parameter to estimate lipid peroxidation. However, in the present study, no increase in MDA concentration could be found when the bacterial cultures were incubated with 1 mg of OA/ml, 100 mM Ca 2ϩ , or 1 mg of OA/ml plus 100 mM Ca 2ϩ compared with the values obtained for the control samples (data not shown). It is possible that the bacterial lipids did not yield MDA when subjected to peroxidation, or that insufficient amounts were produced to be detected. FIG. 3 . EPR spectra of 4-POBN radical adducts following the incubation of B. brevis with 1 mg of OA/ml and/or 100 mM Ca 2؉ . The bacteria were cultured for 24 h in liquid medium (standard medium I, 1 ϫ protein, 1 ϫ glucose) and centrifuged, and new medium (medium I) was added to the pellets to yield a final protein concentration of 2 mg/ml. The spectra were recorded at 30°C immediately after adding 1% (v/v) ethanol and 100 mM 4-POBN, and were accumulated 8 times.
DISCUSSION
The role of Ca 2ϩ as an intracellular regulator of many physiological processes is now well established. It is also well known that Ca 2ϩ can play a determinant role in a variety of pathological processes. Disturbances of the mechanisms which regulate intracellular Ca 2ϩ homeostasis are often early events in the development of irreversible cell injury. Thus it has been proposed that intracellular Ca 2ϩ accumulation may be a common step in the development of cytotoxicity (Orrenius et al., 1989; Nicotera et al., 1992) .
Normally, intracellular Ca 2ϩ homeostasis is controlled by the concerted operation of plasma membrane Ca 2ϩ translocases and intracellular compartmentization systems. Disturbances of these processes during cell injury can result in enhanced Ca 2ϩ influx, release of Ca 2ϩ from intracellular stores, and inhibition of Ca 2ϩ extrusion at the plasma membrane which can lead to an uncontrolled rise in the intracellular Ca 2ϩ concentration. Such sustained increases in intracellular Ca 2ϩ will obliterate the transient Ca 2ϩ responses normally caused by hormone stimulation, compromise mitochondrial function cytoskeletal organization, and ultimately, activate the degradative process. Since Ca 2ϩ is an activator of several enzymes involved in the catabolism of proteins, phospholipids, and nucleic acids, a sustained increase in the cytosolic free Ca 2ϩ concentration above the physiological level can potentially result in the uncontrolled breakdown of macromolecules of vital importance for the maintenance of cell structure and function.
The involvement of Ca 2ϩ activated catabolic processes in cytotoxicity has been suggested by several studies (for review, see Nicotera et al. (1992) ). Studies by Fagian et al. (1990) demonstrated that the reversible permeabilization of the inner mitochondrial membrane induced by Ca 2ϩ plus pro-oxidants is associated with oxidation of membrane protein thiols forming cross-linked aggregates. The sensitivity of this process to exogenous catalase (Valle et al., 1993) suggested that H 2 O 2 and possibly other H 2 O 2 -derived reactive oxygen species were involved in this mechanism. In a recent paper Castilho et al. (1995) proposed that Ca 2ϩ plus pro-oxidants exhaust mitochondrial GSH and NADPH, substrates of the antioxidant enzymes glutathione peroxidase and glutathione reductase, respectively, favoring accumulation of H 2 O 2 . Therefore, both the Ca 2ϩ and pro-oxidants play a concerted action in the direction of reactive oxygen species accumulation in mitochondria. These researchers also demonstrated that in the absence of molecular oxygen and Fe 2ϩ , Ca 2ϩ was not toxic to mitochondria either in the absence or presence of the pro-oxidant t-butyl hydroperoxide. These results and those showing protection by catalase strongly support the notion that reactive oxygen species generated by the respiratory chain and the Fenton reaction are involved in this process. They proposed that the mechanism of Ca 2ϩ induced increase in electron leakage (free radical production) could be speculated in terms of mitochondrial phospholipase A 2 activation of this cation (Nakamura et al., 1991) , which is known to cause profound defects in the respiratory chain under conditions of ischemia and reperfusion (Vercesi and Hoffmann, 1993; Turrens et al., 1991) . These EPR studies closely supported the proposal that disorganization of the electron transferring molecules caused by the toxin could favor electron donation to oxygen or t-butyl hydroperoxide at intermediate steps of the respiratory chain to form reactive oxygen species.
Verseci and Hoffmann (1993) and Turrens et al. (1991) also demonstrated that the accumulation of Ca 2ϩ by mitochondria mobilized iron, which in turn could stimulate the production of ⅐ OH from H 2 O 2 . Merryfield and Lardy (1982) had previously demonstrated the existence of a pool of Fe 2ϩ associated with the mitochondrial fraction of rat liver that could be mobilized by several stimuli including Ca 2ϩ . The current study clearly demonstrates that OA enhances the production of the hydroxyl radical, that the production of this radical requires actively metabolizing bacteria, and is greatly enhanced in the presence of a high concentration of Ca 2ϩ in the medium but not in the presence of other metal ions including Fe 2ϩ and Cu
2ϩ
. The Ca 2ϩ effect is synergistically enhanced in the presence of a calcium ionophore and in the presence of an agent that uncouples oxidative phosphorylation. FIG. 4 . EPR spectra of 4-POBN radical adducts following the incubation of B. brevis with different combinations of 1 mg of OA/ml, 100 mM Ca 2؉ , and different forms of vitamin E. The bacteria were cultured for 24 h in liquid medium (standard medium I, 1 ϫ protein, 1 ϫ glucose; sample C with the addition of 2.5 mM DL-␣-tocopherol acetate ϭ preincubated) and centrifuged, and new medium (I) was added to the pellets to yield a final protein concentration of 2 mg/ml. In samples A and B, 10 mM each of vitamin E (DL-␣-tocopherol acetate) and Trolox C were added to the newly prepared culture. The spectra were recorded at 30°C immediately after adding 1% (v/v) ethanol and 100 mM 4-POBN, and were accumulated 8 times.
In addition, the EPR signal is markedly reduced in bacteria that have been preincubated with vitamin E, a scavenger of free radicals, but not when vitamin E is added to the media immediately prior to EPR analysis. Other studies in our laboratory have demonstrated that the multiplication of B. brevis in liquid culture is inhibited by low concentrations of OA (Madhyastha et al., 1994) . These observations and those by other researchers suggest that a perturbation of Ca 2ϩ homeostasis by OA results in an enhanced production of free radicals, particularly ⅐ OH in a manner analogous to those proposed with other pro-oxidants, such as t-butyl hydroperoxide.
Previous studies with OA support these observations. Khan et al. (1989) reported that OA inhibited the rate of ATP-dependent Ca 2ϩ uptake both in vivo and in vitro in rats and that this effect was associated with an enhanced rate of lipid peroxidation. Lipid peroxidation enhanced by OA was also accompanied by leakage of Ca 2ϩ from Ca 2ϩ -loaded microsomes. Studies by Meisner (1976) demonstrated that OA is taken up by the mitochondria in an energy utilizing process, resulting in the depletion of intramitochondrial ATP and inhibition of P i transport which results in deteriorative changes of the mitochondria, as evidenced by large amplitude swelling. Aleo et al. (1991) also reported that mitochondrial dysfunction was an early event during the development of OA toxicity and that this effect was associated with an enhanced degree of lipid peroxidation. Hasinoff et al. (1990) demonstrated that an Fe 3ϩ complex of OA was able to produce hydroxyl radicals in the presence of NADPH, NADPH-cytochrome P-450 reductase, the hydroxyl radical scavenger ethanol, and the spin trap 5,5-dimethylpyrroline-1-oxide.
Collectively OA appears to produce many of the same effects as t-butyl hydroperoxide and other pro-oxidants in the cell. The results suggest that OA increases the permeability of the cell to Ca 2ϩ and that both the enhanced cellular concentration of Ca 2ϩ and the presence of the pro-oxidant OA uncouples oxidative phosphorylation resulting in an increased leakage of electrons from the respiratory chain producing O 2 . and hence H 2 O 2 .
A lack of an adequate supply of NAD(P)H and GSH to permit H 2 O 2 consumption by the GSH-dependent glutathione peroxidase and NAD(P)H-dependent glutathione reductase together with an increased concentration of free iron within the cell stimulates the production of ⅐ OH via the Fenton reaction due to mobilization of Fe 2ϩ by Ca 2ϩ . This results in further cell damage and may be one of the mechanisms by which OA exerts its FIG. 5 . EPR spectra of 4-POBN radical adducts following the incubation of B. brevis with different combinations of 1 mg of OA/ml, 100 mM Ca 2؉ , and 100 M CCCP. The bacteria were cultured for 24 h in liquid medium (standard medium I, 1 ϫ protein, 1 ϫ glucose) and centrifuged, and new medium (I) was added to the pellets to yield a final protein concentration of 2 mg/ml. The spectra were recorded at 30°C immediately after adding 1% (v/v) ethanol and 100 mM 4-POBN, and were accumulated 8 times.
toxic effect. Consistent with this proposal is that a further metabolic inhibition by adding CCCP, an uncoupler of oxidative phosphorylation, to the bacteria resulted in a drastic enhanced EPR signal due to OA and Ca 2ϩ . A summary of the proposed means by which OA exerts its toxic effects is given in Fig. 6 . It has been hypothesized by Chu et al. (1972) that the toxicity of OA is directly related to the degree that the C-8 phenolic hydroxyl group is ionized. Rahimtula et al. (1988) hypothesized that an iron complex of the C-8 phenolate ion and not the undissociated form of OA facilitated the reversible oxidationreduction of iron and that this complex was involved in enhanced lipid peroxidation. However, structure-activity studies in our laboratory with different analogs of OA on B. brevis, HeLa cells, and the mouse indicated that there was not a clear relationship between the degree of ionization of the C-8 phenolate group of the different analogs of OA at physiological pH values and their corresponding toxic effects in different biological systems (Xiao et al., 1996) . The results from the current study support these conclusions as OM-OA, an analog in which the phenolate is blocked, is able to generate a relatively strong EPR signal. These results suggest that there does not appear to be a close relationship between degree of ionization of the C-8 phenolate group and the production of the hydroxyl radical in B. brevis or its overall toxicity to different organisms.
The results of this study have clearly demonstrated the role of Ca 2ϩ in the production of hydroxyl radicals in B. brevis due to OA. It remains to be clarified, however, if the perturbation of Ca 2ϩ homeostasis by OA is the principal or only toxic effect of OA which causes cell injury. which is converted to ⅐ OH. ETC, electron transport chain; SOD, superoxide dismutase; GP, glutathione peroxidase; GR, glutathione reductase; ---, uncoupling of ETC, and possible blockage of H 2 O 2 conversion to H 2 O and GSSG.
